Introduction
============

Starch is one of the most abundant biopolymers on earth. The entire process of starch biosynthesis encompasses: the generation of a suitable primer (glucosyl acceptor); the biosynthesis of a glucosyl donor (in most cases ADPglucose); the elongation of the primer by repetitive glucosyl transfer reactions via starch synthases (SS) and most probably via plastidial phosphorylase (see below); the introduction of branching points via branching enzymes and the removal of excess branching points via debranching enzymes; and the ordering of the glucans to the final physical organization. Starch granule synthesis in green algae, mosses, ferns, and higher plants occurs inside the plastids. In many other eukaryotic algae starch is formed in the cytosol, which is assumed to represent an earlier evolutionary state ([@B5]; [@B1]). This review will focus on the plastidial starch biosynthesis, more precisely the induction of the starch biosynthesis in *Arabidopsis thaliana* leaves.

To some extent, the initial steps of the starch biosynthesis, the generation of a suitable primer (a glucosyl acceptor, most likely a glucan), and the further elongation of the glucosyl acceptor by the action of glucosyl transferases is not precise to separate. The first elongation processes as well as the first branching/debranching events does not immediately result in a native starch granule rather generate a polyglucan. Furthermore, SS specifically interact with branching enzymes during the process of starch synthesis ([@B2]). But only following multiplicity of these reactions a starch granule is formed. Therefore, in this review we divide the starch synthesis in two steps. We define **starch initiation** in a strict sense as a process in which a primer-like structure/initiation complex is generated, that can in principle be further used for polymerization reactions. This also includes the possibility that no starch granules are detectable since the primer-like structure/initiation complex is not further synthesized. The term **starch formation** indicate when these potential primer-like structures/initiation complexes are used to form starch granules, and so starch granules are detectable in chloroplasts.

Important Role of Starch Synthase 4
===================================

Starch synthases (SSs) are the enzymes responsible for elongation of amylose and amylopectin chains. These enzymes transfer glucosyl residue from ADPglucose to the non-reducing end of a preexisting glucan. It was discussed whether SSs are able to synthesize glucan chains without a glucan primer ([@B43]; [@B11]). However, using heterologously expressed and purified SSs from Arabidopsis a primer was always required, that contained at least two glucosyl residues. Thus, maltose but not glucose was elongated by the SSs ([@B3]).

Analyses of SS mutants revealed that SSs have overlapping and in parts distinct functions during starch synthesis ([@B10]; [@B47], [@B48]; [@B37]; [@B43], [@B42]). SS4 seems to be most important for formation of starch granules. Thus, the *ss4* mutant reveals mostly one starch granule per chloroplast ([@B37]). However, other SS isoforms may partially substitute the SS4 function and so additional loss of SS3 further reduces the starch granule number in chloroplasts ([@B43]; [@B11]). Interestingly, the number of starch granules in *ss4* is still flexible as the number shows variability in regards to growth conditions/developmental stage and enzymatic setup (see below). Thus, immature leaves of *ss4* have no detectable starch granules in contrast to mature leaves ([@B8]). The number of starch granules per chloroplast depends of the length of the light phase as under continuous light the starch granule number increases to up to three ([@B25]). Furthermore, the additional lack of α-amylase 3 ([@B40]) and an increased capacity for glucan synthesis via expression of a bacterial glycogen synthase ([@B8]) result in a higher number of starch granules per chloroplast. An over expression of SS4 in Arabidopsis causes an elevated in an increased starch content, although an increase in starch granule number per chloroplast was not reported ([@B15]).

x

All five SSs in Arabidopsis share a core sequence of approximately 60 kDa at the C-terminus responsible for the catalytic activity. The N-terminal sequences are largely different. Interestingly, SS3 and SS4 possess a large N-terminal extension. The N-terminal region of SS4 is predicted to contain two long coiled-coil domains ([@B20]; [@B11]) and was reported to enable the association with the thylakoid membrane and interaction with thylakoid- and plastoglobule-bound fibrillin proteins ([@B16]; [@B35]). Furthermore, a subchloroplastidial localization of SS4 peripheral to starch granules was shown ([@B16]). Expression of the N-terminal region of SS4 in *ss4* did not result in alterations of the starch granule number. However, the expression of the C-terminal catalytically active region of SS4 in *ss4* resulted in an increased number of starch granules per chloroplast ([@B21]). It was shown that SS4 forms dimers necessary for its enzymatic activity and dimerization is mediated by a region located between the coiled-coil domain and the glycosyltransferase domain ([@B35]).

Summarizing, SS4 has impact on formation of starch granules and seems to be important for the generation of the regular number of granules per chloroplast. However, the observed reduced number of starch granules by the lack of SS4 can be in parts reversed by metabolic factors (see below).

Additional Proteins Influencing the Starch Granule Number
=========================================================

Recently, a double mutant lacking the plastidial phosphorylase (PHS1; [@B46]) and the disproportionating enzyme 2 (DPE2; [@B4]; [@B22]; [@B12]) was published ([@B27]). Both parental lines have 4-7 starch granules per chloroplast similar to wild type. Interestingly, *dpe2*/*phs1* revealed mostly one starch granule per chloroplast when grown under 12 h light and 12 h dark conditions, similar to *ss4*. However, expression of SS4 was unaltered in this mutant ([@B27]). The triple mutant *dpe2/phs1/ss4* also has only one starch granule per chloroplast when grown under 12 h light and 12 h dark ([@B25]). More interestingly, when the light/dark regime was altered *ss4*, *dpe2/phs1*, and the triple mutant plants revealed variability in the starch granule number per chloroplast. An elongated light phase and continuous light resulted in an increased number of starch granules per chloroplast in all mutants but with different quantities. In *ss4* the number increased up to three granules whereas *dpe2/phs1* showed with 5-7 the wild type number of starch granules per chloroplast. The *dpe2/phs1/ss4* revealed an intermediate number of starch granules with 1-4 granules per chloroplast ([@B25]). The observed increased number of starch granules in *dpe2/phs1* similar to wild type was supposed to be linked to the missing dark phase and the lack of starch degradation ([@B27]). To test whether ongoing starch degradation in *dpe2/phs1* is necessary for the observed reduction of the starch granule number a triple mutant lacking the glucan, water dikinase (GWD; *sex1-8*; [@B36]; [@B23]) in the background of *dpe2/phs1* was generated. GWD is involved in the phosphorylation/dephosphorylation cycle at the starch granule surface and is the key enzyme of the initiation of starch degradation ([@B17]; [@B24]). However, s*ex1-8* did not reveal a reduced starch granule number per chloroplast ([@B23]). Similarly, *dpe2/phs1/sex1-8* revealed 5-7 starch granules even when plants were grown at 12 h light and 12 h dark conditions ([@B26]). Thus, it was concluded that ongoing starch degradation is essential for the observed reduced number of starch granules in *dpe2/phs1* ([@B26]).

Recently, three new starch granule bound proteins were discovered sharing high homology and building up a new protein family, PROTEIN TARGETING TO STARCH (PTST; [@B41], [@B39]). All three proteins contain conserved coiled coil domains and a CBM48. While PTST1 was shown to play an essential role in amylose synthesis by localizing granule bound SSs to starch granules ([@B41]), PTST2 and PTST3 were demonstrated to be involved in alteration of the number of starch granules per chloroplast ([@B39]). In *ptst2* a reduced starch granule number was observed with mostly one starch granule per chloroplast. PTST3 has partially redundant function to PTST2 but reduction of granule number was less pronounced in *ptst3* compared with *ptst2*. Furthermore, it was shown that an overexpression of PTST2 in wild type background resulted in an increased number of small granules. In contrast, an overexpression of PTST2 in *ss4* background resulted in a further reduction of the starch granule number per chloroplast. Interestingly, PTST2 was shown to interact with SS4 and longer soluble maltodextrins ([@B39]).

Metabolic Implications of Variability in Starch Granule Number Per Chloroplast
==============================================================================

For *ss4* as well as for *ptst2* and *ptst2/ptst3* an accumulation of ADPglucose was reported ([@B8]; [@B34]; [@B39]). The highest ADPglucose accumulation was observed for *ss4* (with ∼100-fold increase compared to wild type). *ptst2/ptst3* revealed also a high accumulation of ADPglucose (with ∼30-fold compared to wild type) that was twice of that of *ptst2* ([@B39]). This accumulation of ADPglucose, the substrate of SSs, is thought to show that the SS4 acts upstream of all other SSs and that the other SSs have limited activity when SS4 is lacking. However, *ss4/ss3* showed a similar high accumulation of ADPglucose as *ss4* (with ∼100-fold increase compared to wild type). *dpe2/phs1* and especially *dpe2/phs1/ss4* also revealed mostly one starch granule per chloroplast but showed only a very moderate increase in ADPglucose content (two- and fourfold, respectively, compared to wild type). Furthermore, *dpe2/ss4* and *phs1/ss4*, each having one starch granule per chloroplast, revealed totally different ADPglucose values (*dpe2/ss4*: approximately twofold, *phs1/ss4*: 250-fold increase compared to wild type). Under continuous light, an increase in the granule number per chloroplast was observed for *ss4*, *dpe2/phs1*, and *dpe2/phs1/ss4*. But these observations were not accompanied by a reduction in the ADPglucose amounts ([@B25]). Thus, a simple direct connection of a high ADPglucose content and the lack of SS4 or a reduced granule number is not given.

Another factor influencing the starch granule number is probably the availability of soluble maltodextrins as glucan primers for the initiation of a starch granule. The generation and elongation of soluble maltodextrins is proposed to be important during granule initiation ([@B28]). It was postulated that longer soluble maltodextrins (e.g., maltodecaose), long enough to produce a helical secondary structure, are bound by PTST2. PTST2 further interacts with SS4 and initiate the synthesis of starch granules ([@B39]). Interestingly, increased levels of soluble glucans were detected in *ss4* ([@B8]; [@B25]). Most of these glucans were rather shorter with a degree of polymerization (DP) less than six. In *dpe2/phs1* and *dpe2/phs1/ss4* a massive increase in these short glucans was observed ([@B27], [@B25]). The origin of the chloroplastidial maltodextrins necessary for initiation of starch granules is unknown so far. However, the chloroplastidial maltodextrin pool is certainly also influenced by starch degradation processes.

PHS1 could be involved in metabolism of the chloroplastidial maltodextrins and therefore in starch synthesis. Several indications for a principle involvement of PHS1 in starch synthesis were published. For *Chlamydomonas reinhardtii*, potato tubers, and for rice endosperm it was shown that the plastidial phosphorylase is involved in starch synthesis ([@B9]; [@B31]) and in granule initiation ([@B38]). Interestingly, the alteration of starch quantities and qualities in rice and potato mutants were exclusively detected when plants were grown under low temperature conditions. It was speculated that at low temperatures SSs cannot sufficiently substitute the lack of the plastidial phosphorylase ([@B14]; [@B31]). Furthermore, for endosperm starch evidences exist for a protein--protein interaction of the plastidial phosphorylase with branching enzyme and disproportionating enzyme 1 (DPE1) and production of longer soluble maltodextrins ([@B44]; [@B18]; [@B29]). Interestingly, in Arabidopsis PHS1 interacts with SS4 (**Figure [1](#F1){ref-type="fig"}**; [@B33]).

![Interaction of starch synthase 4 and plastidial phosphorylase. **(A)** Purified C-terminal 6× His-taged recombinant plastidial phosphorylase protein from *Arabidopsis thaliana* (40 μg) expressed in *E. coli* was incubated with 200 μg protein crude extract (CE) isolated from Col-0 for 5 min at 21°C. Following purification of the recombinant plastidial phosphorylase using Ni-NTA agarose the plastidial phosphorylase containing fraction was analyzed by SDS-PAGE and the proteins were transferred to a membrane. The membrane was analyzed by antibodies specific for AtSS4, AtGWD, and AtPWD. In addition the recombinant plastidial phosphorylase and the protein crude extract were pre incubated with 20 units a-amylase for 10 min at 37° C prior incubation and purification, to exclude a potential interaction of AtPHS1 and AtSS4 via a bound glucan (AtSS4 + a-amylase). As control the experiment was performed identical but the recombinant plastidial phosphorylase was omitted (AtSS4-AtPHS1). **(B)** Following the purification as described in **(A)** the plastidial phosphorylase containing fraction was analyzed by native gel and activity staining for SSs (see also [@B2]). As control 50μg crude extract protein isolated from Col-0 was loaded on the native gel. Thus, no co-purification of plastidial phosphorylase with AtSS1 or AtSS3 was observed.](fpls-09-00761-g001){#F1}

The reduced starch granule number per chloroplast observed in *dpe2/phs1* is not detected in the *phs1.* The single mutant revealed a starch granule number similar to wild type ([@B27], [@B25]). It could be speculated that other proteins compensate the lack of PHS1 but if in addition the starch turn-over is altered an effect on starch initiation could be observed. A balance between generation and degradation of maltodextrins could be important. In this regards, it can be supposed, that an additional lack of degradation enzymes such as α-amylase 3 (AMY3; [@B40]) and DPE2 ([@B27], [@B25]) influence this balance. An increase of the starch granule number per chloroplasts was detected in the *ss4/amy3* mutant, which point to a degradation of glucans in *ss4* and this degradation generates primers that can be used by other SSs. In this context it can also be seen that an introduction of the glycogen synthase from *Agrobacterium tumefaciens* (able to initiate and elongate glucan chains using ADPglucose as substrate; [@B45]) in *ss4* resulted in an increase in starch granule number per chloroplast by generating more of such primers ([@B8]; [@B21]). In agreement with the observed binding of longer soluble maltodextrins by PTST2, it could be speculated that soluble maltodextrins longer than DP10 are involved in the starch granule initiation, as in *dpe2/phs1* no limitation for maltodextrins shorter than DP10 were observed ([@B27]). Similarly, when in the background of *dpe2/phs1* the starch degradation was blocked by the additional lack of GWD, this glucan balance was again influenced and resulted in an increased number of starch granules with 5-7 granules per chloroplast similar to wild type ([@B26]). However, the additional lack of GWD in *ss4* has no effect on the starch granule number ([@B8]). Interestingly, *phs1/mex1* double mutant lacking PHS1 and in addition the maltose exporter 1 \[essential for export of the starch degradation product maltose ([@B30]) and thus it acts upstream to DPE2 ([@B13])\] in contrast to *dpe2/phs1* has a similar to wild type starch granule number per chloroplast. In regards to the soluble maltodextrins both mutants are different too, thus only a small increase in soluble maltodextrins (length up to DP10) was observed in *mex1/phs1* compared to wild type ([@B27]). A further rather indirect indication of this balanced maltodextrin system is related to the observed dependency of the length of the light and dark phase on the starch granule number in *ss4*, *dpe2/phs1*, and *dpe2/phs1/ss4* ([@B25]).

Summarizing, as depicted in **Figure [2](#F2){ref-type="fig"}**, in a strict sense, the initiation of starch granules seems to be linked to maltodextrins serving as glucosyl acceptors. Increasing evidences reveal that these maltodextrin primers are influenced by the overall glucan metabolism in chloroplast. Thus, proteins such as cytosolic DPE2, PHS1, PTST2 and 3 are directly and/or indirectly involved in this process and so in starch granule initiation. Furthermore, this would also imply that the observed alteration of the starch granule number in *dpe2/phs1* as well as in *ptst2* and *ptst3* are upstream of the action of SS4. In agreement to this *dpe2/phs1* and *dpe2/phs1/ss4* contained mostly one starch granule. The double mutant revealed higher variability in the starch granule number in connection with metabolic alterations than the triple mutant. Thus, generation of the glucan primer seems more variable than formation of the starch granules regulated via SS4. Unfortunately, for both *ptst2* and *ptst3* such metabolic data are currently missing. However, the increase of the starch granule number when PTST2 is overexpressed in wild type but not when overexpressed in the *ss4* mutant is also in agreement with this assumption. Likewise, the observed increase of the starch granule number per chloroplast in *ss4* by expression of the glycogen synthase is conforming.

![**(A)** Schematic presentation of starch granule synthesis. For starch granule initiation maltodextrins from the chloroplastidial maltodextrin pool are used by protein targeting to starch 2 (PTST2) and starch synthase 4 (SS4) to produce a granule initiation complex. A lack of the related enzymes massively influences the starch granule number. Enzymes related to initiation reveal protein-protein interaction as depicted by red links. The granule initiation complex is processed by SSs, branching (BEs), and debranching enzymes (DBEs) and a starch granule is formed. The chloroplastidial maltodextrin pool is affected by enzymes acting on glucans, efflux of carbohydrates to cytosol, and influx of carbohydrates via starch degradation. Thus, evidences were published for the involvement of glucan, water dikinase (GWD), disproportionating enzyme 2 (DPE2), α-amylase3 (AMY3), and plastidial phosphorylase (PHS1) during starch granule synthesis. For other enzymes acting on glucans (labeled with ?) the impact on the starch granule synthesis is lacking so far. ISAs- isoamylases; DPE1 and DPE2-- disproportionating enzyme 1 and 2; BAMs -- β-amylases; AMYs -- α-amylases; PWD- phosphoglucan, water dikinase, SEX4 -- starch excess 4, LSF2 -- like starch excess4, MEX1 -- maltose exporter 1 (see also [@B13]). Dashed arrow represents multiple enzymatic reactions. **(B)** Starch granule number per chloroplast in different genotypes. Plants were grown under 12 h ligth/12 h dark unless otherwise specified: transparent bar -- continuous light, transparent/grey bar -- 14 h light, 10 h dark.^1^[@B27]; ^2^[@B25]; ^3^[@B37]; ^4^[@B11]; ^5^[@B39]; ^6^[@B23]; ^7^[@B26]; ^8^[@B40].](fpls-09-00761-g002){#F2}

Impact of a Reduced Starch Granule Number on Granule Morphology
===============================================================

Starch isolated from mutants with reduced number of starch granules per chloroplast reveal distinct alterations in the starch granule morphology. Starch granules from Arabidopsis leaves are thin and discoid. In contrast, starch from mutants lacking SS4 or DPE2/PHS1 show big and spherical starch granules ([@B8]; [@B27], [@B25]).

It was reported that the N-terminal domain of SS4 influences the morphology of starch granules ([@B21]). Furthermore, the lack of PTST2 and PTST3 revealed single and spherical starch granules ([@B39]). Very interesting in this regards is again the *dpe2/phs1* mutant. When one starch granule per chloroplast was observed (under 12 h light/ 12 h dark regime) the granule was large and spherical, whereas when 5-7 starch granules were monitored (under continuous light) the starch granule morphology was similar to wild type ([@B25]). It seems that the generation of a reduced number of starch granules number per chloroplasts is connected with formation of spherical rather than thin and flattened starch granules. However, also other starch-related mutants reveal alterations in morphology albeit these are less pronounced (SEX4; [@B19]; LSF1; [@B6]; GWD; [@B23]).

Conclusion
==========

In the last years we got more insights into starch granule biosynthesis. The appearance of starch granules is a rather complex mechanism influenced by various factors. According to this, it is very important to distinguish between the possibility to initiate starch and the formation of starch granules. It is quite clear that SSs, or more precisely SS4, is important in the formation of the typical number of starch granules per chloroplast in Arabidopsis (5-7, [@B7]). However, the lack of SS4 is not limiting the formation of starch granules. The formation of starch granules occur independent of SS4 in several mutants. Starch isolated from these mutants analyzed so far did not reveal large inner structural alterations, although the starch morphology reveals considerable differences. Thus, following the starch initiation, the process of starch granule formation is rather similar in these mutants and point to the overlapping functions of the further SSs. Interestingly, the majority of mutants affected in the starch granule number display mostly one starch granule per chloroplast (**Figure [2](#F2){ref-type="fig"}**). The initiation of starch seems to depend on a chloroplastidial maltodextrin metabolism. At least PTST2 and PHS1 seem to be involved in this process. As this maltodextrin metabolism can be influenced by the ongoing starch turn-over and distinct enzymes of the starch metabolism (e.g., AMY3) the involvement of further proteins/enzymes is highly likely. In yeast cells, starch-like synthesis was recreated by introduction of Arabidopsis SSs without plant enzymes related to synthesis of a primer, thus the intrinsic primers of yeast seems to be sufficient for the formation of starch like polyglucans. Furthermore, the experiments again showed that SS4 can be substituted by other SSs, as starch-like polyglucans were observed not exclusively when SS4 was introduced ([@B32]).
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